conditions including kidney diseases, tumors, and cardiovascular diseases like heart failure and diabetes. [5] [6] [7] [8] Especially after primary or secondary renal injury, the elevated NGAL in urine or blood is accepted as an independent marker predicting severity and outcome of acute kidney injured patients. 9 The expression and localization of NGAL in human brain tissue have been detected, and NGAL was mainly expressed and located in neurons, which indicated that NGAL may have central nervous system (CNS)-specific functions. 10, 11 Under conditions such as experimental autoimmune encephalomyelitis (EAE), traumatic brain injury (TBI), and cerebral aneurysms, the expression and activity of NGAL was increased. 10, 12, 13 Elevated urinary NGAL levels were also found to be an early marker of acute kidney injury (AKI) in patients with TBI. 14 Acute ischemic stroke (AIS) is a leading cause of death and disability worldwide, which may induce an acute impairment of kidney function in clinic because of various factors, such as renal infarction, high blood pressure, hyperglycemia, and infectious complications. 15 Thus, AKI is not so rare in AIS patients, which may be an important factor affecting clinical outcomes. As a sensitive index for renal injury, whether NGAL could be an early biomarker of AKI in patients with AIS remains poorly understood.
In this study, we enrolled 205 AIS patients and 80 controls from
Zhongnan Hospital of Wuhan University with the purpose of investigating the expression pattern of serum and urine NGAL and its clinical significance in early diagnosis and prediction of AKI after ischemic stroke.
| MATERIAL S AND ME THODS

| Clinical subjects
In this cohort study, the 205 patients with AIS were recruited from 
| Clinical assessment
The medical information of these patients was collected, including age, sex, risk factors, common complications, standard laboratory tests, and previous medical history. Physical and neurological examinations, and cerebral CT or MRI were also performed. Neurological severity was assessed according to the National Institutes of Health Stroke Scale (NIHSS) score. 17 Risk factors like hypertension, diabetes mellitus, hyperlipidemia, atrial fibrillation, and infectious complications were determined by the corresponding diagnostic criteria combined with medical history.
| Definition of acute kidney injury
AKI was defined using the KDIGO guidelines previously described. 18 In brief, occurring one of the following abnormalities within 14 days of the onset of the symptoms was regarded as indicating the presence of AKI: 
| Sample collection and laboratory test
Blood samples were collected from each of the 205 fasting AIS patients within 48 hours of symptom onsets as well as from the 80 fasting control subjects. After clotting for 30 minutes at room temperature, the blood samples were centrifuged at 1600 × g for 10 minutes at 4°C. The samples were then divided into aliquots and stored at −20°C prior to the determination of creatinine, urea nitrogen, cystatin C, and NGAL. The urine samples were frozen immediately following collection, and stored at −20°C prior to analysis. For further analysis, the urine samples were thawed, divided into 10-mL aliquots, and centrifuged at 1000 × g for 10 minutes at 4°C. The supernatant was collected and the levels of creatinine, urea nitrogen, microalbumin (mALB), and NGAL were determined.
Creatinine, urea nitrogen, and cystatin C in serum were tested on an Olympus AU5800 automatic biochemical analyzer (Beckman Coulter). Urine mALB was measured using the immunoturbidimetry method by specific protein analyzer (BN ProSpec, Siemens). The serum and urine levels of NGAL were quantified using human lipocalin-2/ NGAL Quantikine ELISA kit (R&D Systems) according to the manufacturer's instructions, with the intra-assay and inter-assay coefficients of variation (CV) for <10%. Briefly, diluted samples were added to the ELISA plate pre-coated with capture antibody at 4°C for 2 hours on a shaking platform. Aspirated the contents of the microwells and washed for at least three times. Then the cold conjugate, substrate solution, and stop solution were added to each well step by step, and finally read the wells at 540 nm in a microplate reader (Multiskan FC;
Thermo Scientific). The values of NGAL were expressed as ng/ml. All above assays were performed in triplicate and blinded manner at the Medicine Biochemistry Laboratory of Zhongnan Hospital. SPSS 19 .0 (SPSS) and GraphPad Prism 7.0 (GraphPad Software) were used for statistical analysis. Statistical differences among the different groups were assessed by one-way ANOVA with SNK post-test.
| Statistical analysis
Pearson analysis was used for the correlation analysis. The receiver operating characteristic (ROC) curve was done for measuring the sensitivity and specificity of serum and urine NGAL at different cutoff values. All data were represented as mean ± standard deviation, and P < 0.05 was considered as statistical significance.
| RE SULTS
| Clinical characteristics of enrolled AIS patients with AKI
AKI developed in 40 of 205 patients (19.5%) with acute ischemic stroke. The clinical background of the patients with and without AKI was shown in Table 1 . The gender and age distribution did not differ significantly among the control group, AIS without and with AKI groups. According to the NIHSS score, the AIS patients with AKI had the higher median score than the AIS without AKI subjects, revealing the more severe AIS outcome. Hypertension and diabetes were more prevalent, and hyperlipidemia, atrial fibrillation, and infectious complications were less common in AIS patients who developed AKI.
Compared to the normal subjects, the levels of serum creatinine and urea nitrogen were higher in AIS patients with AKI, but no significant difference between the control subjects and AIS patients without AKI. The serum cystatin C was not shown the obvious increase after AIS. Moreover, the positive rate of abnormal urinary mALB (>30 mg/L) was higher in AIS with AKI than that in AIS without AKI;
however, in 15 of 40 AIS patients with AKI (37.5%), the level of urine mALB was still normal (<30 mg/L).
| NGAL expression was elevated in serum and urine of AIS patients with AKI
In order to address the early expression features of NGAL in AIS patients with AKI within 48 hours of symptom onsets, serum and urine samples of all enrolled patients and healthy controls were collected and NGAL levels were measured by ELISA. Our data demonstrated that serum NGAL in AIS patients with AKI was much higher than health controls and AIS patients without AKI ( Figure 1A ). For urine NGAL, the levels were increased in AIS patients with or without AKI than control group, and the NGAL level in AIS patients with AKI was higher than that in AIS with non-AKI ( Figure 1B ). These data suggested that serum and urine NGAL expression were both significantly increased on the early stage of AKI after AIS.
| High expression of NGAL positively correlated with AKI severity following stroke
KDIGO has suggested that AKI should be staged according to serum creatinine or urine output, which can reflect the injury severity. 18 Here, correlation coefficients were calculated with the purpose to access the association between AKI severity and the NGAL level.
The serum creatinine was recorded at admission to evaluate the kidney injury severity. Interestingly, there was a significant positive correlation between the serum NGAL and creatinine in the AKI following stroke (Figure 2A ). The weak correlation was also found between the serum NGAL and urea nitrogen ( Figure 2B ). In the AIS patients with non-AKI, there was no obvious correlation between 
| Serum NGAL positively correlated with NIHSS score in AIS patients with AKI
As shown in Table 1 , the AIS patients with AKI had the higher median NIHSS score. To determine whether AKI may influence the clinical outcomes after stroke, we analyzed the relationship between serum creatinine or serum NGAL and severity of AIS. The linear regression analysis showed that the serum level of creatinine was found to correlate positively with NIHSS scores in AIS patients with AKI, and the similar correlation between serum NGAL and the NIHSS score also suggested that the levels of serum NGAL and creatinine may reflect the severity of AIS patients with AKI ( Figure 4A, 4B ). In the AIS patients with non-AKI, no positive correlation was shown between the serum NGAL or creatinine and NIHSS score ( Figure 4C,4D ).
| D ISCUSS I ON
The present study investigated the change of serum and urine NGAL levels in AIS patients accompanied by AKI within 48 hours after onset. Increased serum NGAL was found in AIS patients with AKI, which was correlated positively with the value of serum creatinine.
This finding suggests that serum NGAL level at the acute phase of AIS may be considered as a useful marker for diagnosis and prognosis of AKI in stroke.
In clinic, the diagnosis of AKI is still based on the detection of serum creatinine and urine volume. 19 Other common indexes include urea nitrogen, cystatin C, urine mALB, glomerular filtration rate (GFR), and so on. However, detecting serum creatinine or urea nitrogen during the acute changes in renal function was shown not so reliable, which may reflect the kidney status accurately until the renal function reduced to a certain extent. 20 Cystatin C is also an early marker of AKI, but it is difficult to be detectable in urine. Moreover, the calculation of GFR is also limited in clinic due to oliguria or other disturbance factors. Recently, NGAL as a novel marker for renal injury has been suggested to be an excellent predictor of AKI in several pathological conditions like circulatory shock, cirrhosis, and sepsis. [21] [22] [23] The novel role of NGAL in CNS diseases such as EAE, TBI, and cerebral aneurysms has been highlighted gradually. 10, 12, 13 Here, we found the high level of serum NGAL occurred in the AIS patients with AKI and its level was correlated positively with the level of serum creatinine, suggesting that serum NGAL may reflect the change and severity of renal function in the early stage of AIS. In AIS patients accompanied with AKI, hypertension and diabetes were common complications, which may be the main risk factors for the impairment of renal function after stroke. Additionally, studies have shown that significant changes of NGAL level can be detected using only 1 µL urine after induced kidney damage in mouse. 24 We found that the levels of urine NGAL were both increased in AIS patients with or without AKI;
however, the urinary mALB was still normal in some AIS patients with AKI. Thus, we speculate that urinary NGAL may be more sensitive than serum NGAL for predicting brain injury in an acute cerebrovascular event. Animal studies have demonstrated that cerebral inherent cells like astrocytes and endothelial cells can express NGAL. 25, 26 The significant increase of urine NGAL in AIS patients with non-AKI may reflect the ischemic brain damage, which need further elucidate.
Acute kidney injury causes increased expression of NGAL mRNA, and the newly formed NGAL protein is released into the circulating blood and represents the majority of the "NGAL system pool". 27 Another part of systemic NGAL may come from the ischemic brain tissues via blood-brain barrier (BBB) leakage. The significant increase of serum NGAL in AIS patients with AKI may not only reflect the damage of renal function, so our results did not show the diagnostic value of serum NGAL superior to that of serum creatinine. We also compared the clinic value of serum NGAL with serum creatinine and urea nitrogen according to the ROC curve analysis, and the results showed that the area under the curve in serum NGAL was 0.8639, which was fairly close to 1, indicating a better diagnostic value than serum urea nitrogen. A cut-off value of 245.8 ng/mL yielded good sensitivity at 85%
and specificity at 70.9%. The combined detection of serum creatinine and serum/urine NGAL in the AIS patients should be helpful for the prediction and diagnosis of acute kidney injury. 
| CON CLUS ION
Serum NGAL may be used for the prognosis of the clinical outcome in the AIS patients with AKI, as higher serum NGAL was accompanied with the higher NIHSS score, showing the worse prognosis. Taken together, our data suggest that the increased serum NGAL may be a sensitive marker in response to acute renal injury after stroke, which can be valuable as a complementary and alternative biomarker for predicting and diagnosis of AKI following stroke. Furthermore, there were still some limitations in our study, and additional larger sizes of AIS patients with AKI from multiple centers are needed to validate our findings.
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